tion of spatial and temporal variability of daily wind speed and of intense wind events over the Mediterranean Sea using dynamical downscaling: impact of the regional climate model configuration.. Natural Hazards and Earth System Sciences, European Geosciences Union, 2011Union, , 11, pp.1983Union, -2001Union, . 10.5194/nhess-11-1983Union, -2011 Nat. Hazards Earth Syst. Sci., 11, 1983 -2001 , 2011 www.nat-hazards-earth-syst-sci.net/11/1983 /2011 / doi:10.5194/nhess-11-1983 -2011 Abstract. Atmospheric datasets coming from long term reanalyzes of low spatial resolution are used for different purposes. Wind over the sea is, for example, a major ingredient of oceanic simulations. However, the shortcomings of those datasets prevent them from being used without an adequate corrective preliminary treatment. Using a regional climate model (RCM) to perform a dynamical downscaling of those large scale reanalyzes is one of the methods used in order to produce fields that realistically reproduce atmospheric chronology and where those shortcomings are corrected. Here we assess the influence of the configuration of the RCM used in this framework on the representation of wind speed spatial and temporal variability and intense wind events on a daily timescale. Our RCM is ALADIN-Climate, the reanalysis is ERA-40, and the studied area is the Mediterranean Sea.
Introduction
Energy transfers that occur at the air-sea interface drive the dynamics of the surface oceanic mixed layer. These transfers are associated with momentum, turbulent and radiative fluxes in which wind plays a major role. Wind is indeed the driver of wind stress. It is also a major forcing of the turbulent heat exchanges, since the latent and the sensible heat fluxes as well as the turbulent transfer coefficient directly depend on the wind speed. Wind forcing (speed and direction) is therefore a major ingredient of oceanic numerical simulations. Compared to wider and flatter ocean areas, the quality of the wind forcing is even more crucial when looking to Published by Copernicus Publications on behalf of the European Geosciences Union. simulate the Mediterranean Sea circulation. This is due to the complexity of the atmospheric flow over the Mediterranean Sea, which is strongly influenced by the complex surrounding orography. The orography plays a particularly important role during intense wind events because it channels local winds: mountains and valleys such as the Massif Central, the Rhone valley, the Alps, the Dinaric Alps, the Atlas mountain and the Turkish mountains are responsible for the intensification of strong northerly winds like the Mistral, Tramontane, Bora, Harmattan and Etesians. This has been already underlined by numerous papers in the recent literature: after a pioneer work by Myers et al. (1998) , Sotillo et al. (2005) , Ruti et al. (2007) , and demonstrated the role of the horizontal resolution in the representation of the wind over the Mediterranean Sea. , Beuvier et al. (2010) and Béranger et al. (2010) have illustrated the impact of high-resolution atmospheric forcing (50 km) on oceanic processes such as ocean deep convection and the Eastern Mediterranean Transient. and Pettenuzzo et al. (2010) have shown that the underestimation of wind speed in the ERA-40 reanalysis (Simmons and Gibson, 2000) has a strong impact on the air-sea fluxes over the Mediterranean area. For example, applying a statistical wind correction to an ERA-40 wind field, Pettenuzzo et al. (2010) increased the Mediterranean Sea latent heat loss by 24 % and the sensible heat loss by 17 % in average over the 1985-2001 period. Applying a dynamical downscaling technique to ERA-40, Herrmann and increased the wind stress by 32 % and heat loss by 10 % over the Gulf of Lions area for winter [1986] [1987] . Moreover, in this study the percentage of change was stronger for the most intense events (+17 % for the 99th quantile of the daily net heat loss and +58 % for the maximum peak). Recently, Romanou et al. (2010) have shown the role of the wind field spatial pattern in driving the evaporation spatial pattern over the Mediterranean area, specially for the spatial maxima. Finally, the wind field high-resolution spatial patterns and high temporal frequency could influence the Mediterranean air-sea exchanges and oceanic processes.
To force Mediterranean Sea oceanic models for shortterm run or process studies, modellers usually apply highresolution weather forecast model analysis (Béranger et al., 2005; ?) . However, performing realistic long-term Mediterranean oceanic simulations without temporal inconsistency, reanalysis of surface atmospheric variables (NCEP; Kalnay et al., 1996, ERA-15; Gibson et al., 1997, ERA-40) are the natural choice despite their low spatial resolution. They have been extensively used for Mediterranean Sea modelling (Myers et al., 1998; Lascaratos et al., 1999; Castellari et al., 2000; Rupolo et al., 2003; Demirov and Pinardi, 2007; Béranger et al., 2010) . The inaccuracy of those wind fields, especially during intense meteorological events, was then proved (see above) and the ocean modellers started to apply various correcting techniques. Ad hoc empirical corrections (Demirov and Pinardi, 2007; Sannino et al., 2009) , statistical corrections using reference in-situ or satellite observations to fit spatio-temporal correction coefficients (Pettenuzzo et al., 2010) and dynamical downscaling techniques (Sotillo et al., 2005; Artale et al., 2009; Beuvier et al., 2010; Herrmann et al., 2010; Sanchez-Gomez et al., 2011) were developed. The last technique consists in driving a regional climate model (RCM) by a reanalysis in order to keep a synoptic scale chronology in agreement with the reanalysis and let the RCM invent the small scale physics necessary for a better representation of the wind field. The driving can be applied only to the large scales in spectral space or at the lateral boundary of a limited area model (LAM). The spectral method is used in to create the so-called ARPERA Mediterranean Sea forcing dataset used in Beuvier et al. (2010) and Herrmann et al. (2010) to study deep water formation. The lateral boundary driving of a LAM is used in Artale et al. (2009) and Sanchez-Gomez et al. (2011) . Sotillo et al. (2005) combine both methods using the spectral nudging technique (von Storch et al., 2000) in an LAM. The dynamical downscaling technique is very promising since it provides very good temporal chronology, longterm temporal homogeneity, high spatial and temporal resolution and physical consistency for all the atmospheric variables at the same time. This technique can also be applied to coupled RCM to take into account air-sea feedbacks ). Up-to-now and for the Mediterranean area, the available multi decadal downscaled datasets have a resolution of 50 to 25 km (Sanchez-Gomez et al., 2011) . However, Langlais et al. (2009) and Lebeaupin Brossier et al. (2011) demonstrated the potential interest of higher spatial resolution (respectively 18 and 7 km) at least over the Gulf of Lions area. This very promising technique is also used in other regional ocean areas around the world (Baltic Sea, Gulf of Mexico, Arctic Sea, Chili-Peru upwelling).
Despite its intrinsic qualities, the downscaling technique introduces a new uncertainty linked with the use of the downscaling model and technique. No detailed evaluation of this uncertainty has been done until now over the Mediterranean area. The goal of our study is to contribute to the understanding and assessment of this uncertainty. Uncertainties related to downscaling can be divided into two components. The first type of uncertainty is related to the choice of the RCM for a given setting (i.e. for a given domain, resolution, driving method and driving reanalysis). This aspect requires a coordinate international research project involving several RCMs following the same framework. The European project ENSEMBLES (http://ensembles-eu.metoffice.com/) fulfills those requirements and its RCMs database is currently used for such a study by Sanchez-Gomez et al. (2011) and at GKSS (Ivonne Anders, pers. communication) . In the future the HyMeX-MedCORDEX simulations should also provide useful information (http://www.hymex.org, http://copes.ipsl. jussieu.fr/RCD CORDEX.html). The second type of uncertainty is related to the configuration of a given RCM used to Nat. Hazards Earth Syst. Sci., 11, 1983 Sci., 11, -2001 Sci., 11, , 2011 www.nat-hazards-earth-syst-sci.net/11/1983/2011/ perform the dynamical downscaling (i.e. size of the domain, resolution, use of spectral nudging, air-sea coupling, choice of the driving reanalysis). The current paper deals with this aspect: the influence of the RCM design.
In the current paper we investigate the impact of the design of a given RCM on its downscaling ability using the limitedarea RCM developed at Météo-France/CNRM, ALADINClimate. We focus on the Mediterranean Sea daily wind speed field. We test the influence of the spatial domain extension, of the spatial resolution, of the driving dataset, and of the use of the spectral nudging and interactive airsea coupling techniques. QuikSCAT satellite products available daily and over the whole Mediterranean are used as a reference to evaluate the quality of the various model configurations. QuikSCAT dataset, the ALADIN-Climate RCM and the simulations performed for this study are described in Sect. 2. We present the results in Sect. 3. Our main conclusions are summarized in Sect. 4.
2 Tools: data and model
Sea wind data: QuikSCAT
Satellite observations of wind speed over the sea are provided twice daily by QuikSCAT LEVEL 3 dataset with a 0.25 • ∼ 25 km resolution ?available at: ftp://podaac.jpl. nasa.gov/allData/quikscat/L3/jpl/hdf/,)[]quikscat. Comparing those data with in-situ data provided by buoy-mounted anemometers, Ruti et al. (2007) demonstrated the ability of the QuikSCAT instrument in retrieving the dynamics of the instantaneous wind fields, in particular the in-situ variability, for both the direction and the speed. Bentamy et al. (2009) used QuikSCAT dataset to evaluate wind products made by merging real time remotely sensed winds and ECMWF analyses at global and regional scales. Chronis et al. (2010) used them to depict the key seasonal characteristics of the extreme wind states of the Mediterranean and Black Seas. Neither the ERA-40 nor ERA-Interim assimilation systems use the QuikSCAT data.
What makes QuikSCAT satellite observations interesting compared to in-situ data is their very good spatial and temporal coverage. However QuikSCAT data are available at most twice a day. The daily timescale is therefore the finest scale that can be examined through this dataset. We first evaluated the representativeness of the daily wind speed obtained by averaging maximum two QuikSCAT values. For that, we compared QuikSCAT data with in-situ wind speed data obtained every hour from two buoys located in the Ligurian Sea (AZUR, 43.4 • N; 7.8 • E, see Fig. 1 ) and in the Gulf of Lions (LION, 42.1 • N;4.7 • E). Those data, already used by Ruti et al. (2007) , have been available since 7 December 2001 at LION and 1 May 1999 at AZUR. For each buoy, we took into account days for which both in-situ and satellite data were available (1714 days for AZUR, 1584 days for LION). On Fig. 2b , we compared at each buoy location QuikSCAT daily wind speed with the daily average of 24 hourly in-situ values over each day. The mean bias of the average daily QuikSCAT wind speed compared to the average daily buoy wind speed was equal to 0.5 % for LION and 2.5 % for AZUR, the RMSE is equal to respectively 26 % and 33 %, and the correlation to 0.92 for LION and 0.88 for AZUR with a significant level equal to 1 in both cases. More precisely, QuikSCAT slightly underestimates weak values and overestimates strong values of daily wind speed as shown by the quantile-quantile plots (hereafter Q-Q plots). This is related to the fact that we used maximum 2 values for QuikSCAT while we used 24 values for the buoy, which induces a stronger smoothing of the very strong/weak values. Between 0 and 17 m s −1 , i.e. over a range that contains the 95th percentile for both buoys and in general over the whole basin (see Fig. 1 ), the biases and RMSE are however smaller than 4 % and 38 % respectively. As we will see later, the biases between QuikSCAT and ALADIN-Climate or ERA-40 are much larger than those biases (respectively 17 % and 26 % in average over the Mediterranean Sea). The RMSE between QuikSCAT and ALADIN-Climate or ERA-40 (respectively 42 % and 43 %) are also larger, though of the same order. Finally, the correlations between QuikSCAT and ALADIN-Climate (0.69) or ERA-40 (0.78) are significantly smaller. QuikSCAT therefore represents correctly daily wind speed variability and can be legitimately used as a reference when examining the representation of wind speed daily variability over the Mediterranean in ALADIN, for weak, average and strong winds. Exceptional winds (larger than 17 m s −1 , i.e. than the 99th percentile) should be examined with caution, but are beyond the scope of this study: individual studies would be more relevant than statistical studies to examine such events.
In the following, we will compare the simulations and the data over the period covered simultaneously by QuikSCAT, ERA-40 and ERA-Interim, i.e. 2000-2001. To (Fig. 2a) . Both distributions are extremely close over the whole spectrum of wind speed: the Q-Q plot is very close to the identity line, the difference of the average value between the period 2000-2001 and the whole period is equal to 0 %, the difference of RMS to −3 % and the difference of 95th percentile to −2 %. 2000-2001 is therefore representative of the daily wind speed variability. Figure 1 presents the data availability, the average, the standard deviation and the 95th percentile of QuikSCAT daily wind speed over the [2000] [2001] QuikSCAT 2000 for 5 % of the points, data are available less than 10 % of the time. When performing our diagnostics, we deal with those missing values by not taking the corresponding day and point into account, neither for the QuikSCAT dataset nor for the times series obtained thanks to the simulations presented below, in order to obtain comparable numbers. The regions of most intense winds and strong variability are the Gulf of Lions and the east of Corsica (Bonifacio Strait), the Sicily strait, the south of the Adriatic Sea and north of Ionian Sea, the regions southwest and southeast of Crete and the Aegean Basin. For the following analysis of the different simulations, we selected eight points located in the regions of strong winds: SHELF, MEDOC, BONIF, SICILY, ION, CRETE, LEV and AEGE (Fig. 1) . We made sure to select points for which data were available at least 90 % of the time. We also selected four boxes (LION, TYR, SIC and KRIT, Fig. 1 ) that covered the areas of strong winds in order to examine the ability of the model to reproduce wind speed spatial patterns in those regions.
Model and simulations

The ALADIN-Climate RCM
We use the limited-area atmosphere RCM ALADIN-Climate (Radu et al., 2008; Déqué and Somot, 2008; Farda et al., 2010; Colin et al., 2010) . Here we use the version 5 described in Colin et al. (2010) whereas the other cited papers used the version 4. ALADIN-Climate shares the same dynamical core as the cycle 32 of its weather forecast ALADIN counterpart and the same physical package as the version 5 of the GCM ARPEGE-Climate (Déqué, 2010 , http://www.cnrm. meteo.fr/gmgec/arpege-climat/ARPCLI-V5.1/index.html). ALADIN-Climate is a bi-spectral RCM with a semi-implicit semi-lagrangian advection scheme. Its configuration includes a 11-point wide bi-periodization zone in addition to the more classical 8 point relaxation zone. This so-called extension zone allows the computation of the fast-Fourier transforms for the spectral-to-grid point space computation. More details can be found in Farda et al. (2010) . We do not want to detail here all the physical parameterizations of ALADIN-Climate but only to recall that in this version, the planetary boundary layer turbulence physics is based on Louis (1979) from the first layer of the model (about 30 m) to the 10 m height follows Geleyn (1988) . The version 5 used here is also used in the framework of the regional Med-CORDEX exercise and is close to the ARPEGE-Climate version used for the next CMIP5 exercise. ALADIN-Climate version 4 was used for the European ENSEMBLES project in which it was inter-compared with the state-of-the art of the European RCMs at 50 and 25 km (Christensen et al., 2008; Sanchez-Gomez et al., 2008; Christensen et al., 2010) . Different configurations of this model can be used. They are obtained by varying the spatial resolution, the size and position of the domain, and the dataset used for the large scale forcing. More complex and unusual options are also available as the use of spectral nudging and interactive airsea coupling techniques.
The spectral nudging technique
All details concerning spectral nudging can be found in Radu et al. (2008) and Colin et al. (2010) . This technique was first used for regional climate purposes by von Storch et al. (2000) and Biner et al. (2000) . It allows a better constraint of the large-scales of an LAM that is usually driven only at its lateral boundaries. In the spectral space, a relaxation towards the driving model (here the reanalysis) is applied to the largescales of some of the prognostic variables. In ALADINClimate, the following parameters are tunable: the choice of the nudged variables, the strength of the nudging (which depends on the variable and on the altitude), the threshold of the large-scales to be nudged. In the current study we nudged the following prognostic variables: temperature, wind vorticity, wind divergence and logarithm of the surface pressure.
The maximum e-folding time depends on the variables (6 h for the vorticity, 24 h for the logarithm of the surface pressure, the specific humidity and the temperature, 48 h for the divergence) following the setting of Guldberg et al. (2005) .
The maximum e-folding time is reached above 700 hPa and for scales larger than 1280 km. The nudging is linearly decreasing between 700 and 850 hPa in altitude and between 1280 to 640 km for the horizontal scales. The atmospheric boundary layer and the scales not represented in ERA-40 are not nudged.
The interactive air-sea coupling technique
ALADIN-Climate can also be used in a fully interactive mode coupled with an eddy-permitting Mediterranean Sea ocean model. This mode follows the setting of Somot et al. (2008) , except that the ARPEGE-Climate stretched-grid climate model was replaced by the ALADIN-Climate limitedarea RCM and the former OPAMED8 model was replaced by NEMOMED8 (Madec, 2008; Sevault et al., 2009; Beuvier et al., 2010) . The coupling is regional: it covers only the Mediterranean Sea area. We use the OASIS coupler version 3 (Valcke, 2006) . The coupling frequency is equal to one day.
The RCM provides the daily radiative, turbulent and momentum fluxes to the ocean model and the ocean model provides its SST to the RCM. Following the setting of Beuvier et al. (2010) , the rivers, the Black Sea freshwater inputs and the Atlantic water characteristics are climatological.
The large scale driving: ECMWF reanalysis
Re-analyses of multi-decadal series of past observations are used, among others, to provide boundary conditions in the framework of long term oceanic and atmospheric numerical simulations. The ERA-40 reanalysis covers the period 1958-2001 and is widely used by the modellers. It was obtained in 2002 using the three dimensional variational assimilation technique and a T159 spectral truncation version (∼125 km) of the Integrated Forecasting System developed jointly by ECMWF and Météo-France. Outputs were produced every six hours.
The ERA-Interim reanalysis (Berrisford et al., 2009 ) covers the period 1989-today. The ERA-Interim data assimilation system uses a 2006 release of the Integrated Forecasting System, which contains many improvements both in the forecasting model and analysis methodology relative to ERA-40, in particular the resolution (T255 ∼80 km, http://www.ecmwf.int/research/era/do/get/era-interim).
ALADIN-Climate simulations
In the current study, our goal is to estimate the impact of the design of ALADIN-Climate RCM on the representation of wind speed over the Mediterranean Sea. The following elements are tested using different model configurations:
-the choice of the spatial resolution, -the choice of the extension of the spatial domain, -the impact of the spectral nudging technique, -the impact of the interactive air-sea coupling technique, -the choice of the driving reanalysis.
For this, we have performed 7 simulations (MED125, MED50, MED10, WMED50, MED50SN, MED50AO, MED50Int). Depending on the simulation, we used 2 different domains (MED and WMED), 3 resolutions (125 km, 50 km , 10 km), 2 large scale driving sets (ERA-40 and ERAInterim), the air-sea coupling (AO) and the spectral nudging (SN). The orography of each of the different grids used here is presented in Fig. 3 , as well as the orography of ERA-40 and ERA-Interim. MED50 is the control simulation with which all the other simulations will be compared. The characteristics of each simulations are summarized in Table 1 . We examine those simulations during the period 2000-2001. All simulations start from an ERA40 initial state for the 3-D prognostic variables of the model (atmosphere and land surface) and cover the period January 1998 to December 2001. The first two years are considered as spinup, allowing the land water content to reach its equilibrium. Land surface parameters and aerosols concentration are updated every month following a climatological seasonal cycle coming from observations. The sea surface temperatures (except for the Mediterranean Sea in the coupled system) and the sea ice limit (Black Sea) are updated every month with a seasonal and interannual variability following ERA-40 SST and sea ice analysis. ERA-Interim and ERA-40 SST are identical at the monthly time scale over the period [2000] [2001] . The atmosphere lateral boundary conditions of ALADINClimate are vertically and horizontally interpolated from the ERA-40 and ERA-Interim 3-D reanalyzes every 6 h onto the ALADIN-Climate model grids. The simulation with the coupled system has the same set-up as the non-coupled experiment except for the spin-up period that has to be longer because of the long-term memory of the regional ocean components. Multi-decadal spin-up is then required as shown in Somot et al. (2006) and already applied in Somot et al. (2008) . We then carried out a 40-yr long spin-up for the coupled system from August 1960 to December 1999 using ERA40 as lateral boundary conditions before starting the 2000-2001 simulations. There is no nudging for the atmosphere and ocean in the coupled simulation. For all simulations both components of instantaneous wind velocity are stored every 6 h.
We examine those simulations for the period 2000-2001, which corresponds to the period covered simultaneously by QuikSCAT, ERA-40 and ERA-Interim. To investigate the performances of the dynamical downscaling and the impact of the model configuration regarding the representation of wind speed variability over the Mediterranean Sea on a daily timescale, we performed a set of diagnostics.
First, Fig. 4 shows the average over 2000-2001 of the daily wind speed for QuikSCAT, the reanalysis and each ALADIN-Climate simulation. Taking QuikSCAT as a reference, we then compute for each simulation the temporal correlation of the daily wind speed V over 2000-2001, the bias (V − V QuikSCAT where the overbar indicates the average over [2000] [2001] , the RMSE (root mean square error, (V − V QuikSCAT ) 2 ) and the bias of the 95th quantile q95 − q95 QuikSCAT . We choose the 95th quantile (q95 hereafter) as an index of intense events, because it corresponds to winds much stronger than the average (occurring only 5 % of the times), but whose occurrence is still sufficient to be statistically significant (5 % of 2 yr corresponds Nat. Hazards Earth Syst. Sci., 11, 1983 Sci., 11, -2001 Sci., 11, , 2011 www.nat-hazards-earth-syst-sci.net/11/1983/2011/ In order to examine how the model reproduces the distribution of wind events, we plot the Q-Q plots between the simulations and QuikSCAT of the daily wind speed averaged over the whole Mediterranean, the Western Basin and the Eastern Basin (Fig. 5a) . We also compute the Q-Q plots for the points located in the regions of strong winds taking for each model grid the closest point (Fig. 5b) . For each point, the mean values over 2000-2001 of the bias, the RMSE, the correlation and the q95 bias are indicated in the legend. The correlation between the row vector x of model time series and the row vector y of QuikSCAT time series at each point is given by C xy C xx C yy where C is the 2 × 2 covariance matrix between x and y defined by
To assess the ability of the model to reproduce the wind speed spatial variability, we compute the spatial correlation between the models and QuikSCAT of the average and the 95th percentile over 2000-2001 of the daily wind speed for the four boxes covering the areas of strong wind (see Fig. 1 ). For that, we first interpolate the model results on QuikSCAT grid using a triangle-based linear interpolation method and then compute the spatial correlation between the interpolated results and QuikSCAT over the four boxes. For each box, the spatial correlation is computed by taking the correlation (as defined above) between the columnized vector of interpolated results x and the columnized vector of QuikSCAT y. QuikSCAT spatial resolution (25 km) is higher than the resolution used for each simulation, except MED10. This method therefore enables us to examine the quality of the spatial variability representation up to a scale of 25 km. The added value of the 10 km resolution configuration for scales finer than 25 km should be assessed thanks to higher resolution dataset, like QuikSCAT L2 dataset used by Chronis et al. (2010) . Figure. 6 shows the map of difference of the relative bias, the temporal correlation, the relative RMSE and the relative q95 bias between respectively MED125, ERA-Interim and MED50 one one hand and ERA-40 on the other. Figure 7 shows the map of those difference between MED50 and the other simulations. For both figures blue corresponds to an improvement (decrease of the absolute biases and RMSE, increase of the correlation).
In the following, we first examine the added value of performing a dynamical downscaling of ECMWF reanalyzes. Second we determine if and how the configuration of the RCM used to perform this downscaling has an impact on this added value.
Representation of wind speed in QuikSCAT and the reanalyzed products
The spatial distributions of the relative bias, relative RMSE, temporal correlation and relative q95 bias for ERA-40 are presented on Fig. 6 (1st line) . Wind speed over the Mediterranean Sea is strongly underestimated for years [2000] [2001] in ERA-40 (in average by 26 %, Table 2 ), as for other years (Ruti et al., 2007; Artale et al., 2009; Pettenuzzo et al., 2010) . Winds are particularly underestimated in the regions of intense winds, especially regions where the chanelling influence of orography is strong: Gulf of Lions, Sicily Strait, southeast and southwest of Crete (Fig. 6a) . As can be seen on the Q-Q plots (Fig. 5 , thick black curves), the underestimation in ERA-40 is not constant but increases with the strength of the wind. This underestimation of strong wind events is general over the basin as can be seen on the map of the relative q95 bias (Fig. 6d ) with a mean q95 bias equal to −26 % (Table 2 ). For some regions (e.g. SHELF, MEDOC, Fig. 5b ) the Q-Q plot is almost linear, i.e. the relative underestimation is the same for the whole wind spectrum. This is not the case everywhere, particularly in the Eastern Basin (ION, AEGE, CRETE) where the relative underestimation increases with the strength of the wind. Applying a space dependent multiplying factor computed from the mean bias underestimation in order to correct ERA-40 wind fields (Pettenuzzo et al., 2010) seems therefore appropriate for average winds, but does not correct enough the underestimation of intense wind events.
The map of the average wind speed (Fig. 4) shows that the spatial variability of the wind field is strongly underestimated in ERA-40: the contrast between the areas of weak wind and the areas of strong winds is much weaker than in QuikSCAT. Moreover, most of the details of the spatial patterns are not reproduced, in particular those concerning the regions of strong wind in the Bonifacio strait, where no maximum is produced, and south of the Cretan Islands arc, where ERA-40 produces a single spatial maximum instead of two in QuikSCAT.
The defaults observed in ERA-40 are partly corrected in ERA-Interim. First, the underestimation of daily wind speed is significantly reduced over the whole wind speed spectrum, as can be seen on the Q-Q plots (Fig. 5) . In average over the basin, the mean bias is reduced by 9 %, the RMSE by 7 %, the 95th percentile bias by 8 % (Tables 2, 4 correlation is slightly improved (in average by 2 %). Second, the spatial variability is better reproduced in ERA-Interim than in ERA-40, as can be seen qualitatively on Fig. 4 . The spatial correlation for the average wind speed increases by up to 0.34 in the Sicily strait and the correlation for the 95th percentile increases by up to 0.29 in the Tyrrhenian Basin (Table 5) .
Added value of the dynamical downscaling using
MED125, MED50 and MED10
Differences between ERA-40 and MED125
We first determine if the simulation performed using ALADIN-Climate but at the same resolution as ERA-40, MED125, produces results comparable to ERA-40. In MED125 the mean bias is similar to the one observed in ERA-40 (26 % in average over the Mediterranean Sea, Table 2), in average but also locally (Fig. 6a) . In some regions, e.g. in the Ionian Basin and in the Levantine Basin, the bias is slightly lower in MED125. The differences between ERA-40 and MED125 (∼0.04 m s −1 , Table 2 ) are however one order of magnitude smaller than the differences between ERA-40 and MED50 (∼0.60 m s −1 ). The underestimation of strong winds is also slightly lower in MED125 than ERA-40 (4 % in average over the Mediterranean, Table 2 ), but the average difference is ∼3 times smaller than the difference between MED50 and ERA-40 (13 %). These results show that the potential added value due to the dynamical downscaling examined in the following can be attributed to the increase of spatial resolution. Before to analyze in details the influence of each ALADIN-Climate configuration, we present here the major similarities and differences observed among the simulations. First, all simulations are in average very close, except MED125 which was studied above. Wind speed is underestimated over the whole wind spectrum and in all regions, and maximum wind speed values are always obtained in QuikSCAT. The mean bias error compared to QuikSCAT varies between −14 % and −17 % in average over the Western and Eastern basins, the RMSE varies between 39 % and 43 %, the q95 bias varies between −12 % and 16 %, and the temporal correlation varies between 0.67 and 0.77 with no more than a 0.04 difference among the simulations (Tables 2,  3 , and 4). More significant differences are obtained locally, in particular near the areas of complex orography (see for Nat. Hazards Earth Syst. Sci., 11, [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] 2011 www.nat-hazards-earth-syst-sci.net/11/1983/2011/ examples points SHELF, BONIF and LEV, Fig. 5 ). They are mainly associated to the spatial variability representation (Table 5) , and will be discussed in detail in the following.
Differences between MED50 and the re-analyzed products
Due to the fact that there is no assimilation, relaxation or spectral nudging in MED50, the temporal correlation with QuikSCAT data decreases in MED50 compared to ERA-40 (in average by 0.09, Table 2 ). Globally, the correlation remains nevertheless always larger than ∼0.7, the downscaled dataset reproduces therefore satisfactorily the real chronology. The temporal correlation is relatively homogeneous in ERA-40 (∼0.78, Fig. 6b and Tables 3 and 4) . On the contrary, it progressively decreases in MED50 between the Western Basin (0.74, Table 3 ) and the Eastern Basin (0.67, Table 4 ) (Fig. 6b ). This is due to the fact that the further, i.e. the more eastwards, we go from the entry of the atmospheric flux into the model domain, the more time the model has to create its own circulation and therefore to depart from the real chronology Sanchez-Gomez et al., 2008) . Performing a dynamical downscaling enables us to reduce significantly the underestimation of wind speed occurring in ERA-40 Artale et al., 2009 , Fig. 6a and c) . Increasing the spatial resolution indeed enables us to improve significantly the representation of the orography, that is poorly represented with a 125 km resolution and strongly influences winds over the Mediterranean Sea (Fig. 3) . In average over the basin, the mean bias is reduced by 9 % and the RMSE by 1 % between ERA-40 and MED50 (Table 2 ). This correction of the wind speed underestimation is obtained for the whole spectrum, and is even stronger for intense events: over the whole Mediterranean the q95 bias is reduced by 13 % (Table 2 and Fig. 5a , thin black line for MED50). The correction is larger in the areas of strong winds of the Western Basin, where it can reach 40 % for the mean and q95 biases and 20 % for the RMSE (e.g. in the Gulf of Lions, Fig. 6a and c) , than in the Eastern Basin (Tables 3 and 4, Fig. 5 ). Table 5 . Spatial correlation between QuikSCAT and respectively ERA-40, ERA-Interim and each ALADIN-Climate simulation over the four boxes shown in Fig. 1 The representation of the wind speed spatial variability is also improved thanks to the downscaling, as can be seen qualitatively on the maps of average wind speed (Fig. 4) . The contrast between the regions of strong and weak winds is better reproduced in MED50 than in ERA-40, as well as the details, in particular the two spatial wind maxima south of Crete. In the regions of strong winds, the spatial correlation of the average and of the 95th percentile of the daily wind speed is better in MED50 than in ERA-40 (the difference varies between +0.10 in TYR and +0.44 in SIC for the average wind, and +0.01 in SIC and +0.32 in KRIT for the 95th percentile, Table 5 ).
As for ERA-40, the temporal correlation is better in ERAInterim than in MED50. Beside that, the differences between MED50 and ERA-Interim are in average much weaker than the difference between MED50 and ERA-40. First, the average wind speed underestimation is similar in both simulations for the whole wind speed spectrum (Tables 2, 3 and 4 and Fig. 5 ), though the correction of the 95th percentile is slightly better in MED50 (in average by 4 %). However differences can be locally larger in regions of intense winds strongly influenced by the orography (see for example points MEDOC, SICILY, CRETE, BONIF, Fig. 5 ): in those regions the bias correction is better in MED50 (up to 10 % for q95 at BONIF), as well as the representation of wind speed spatial variability (up to 17 % for q95 south of the Cretan arc, Table 5 , Fig. 4 ).
Differences between MED50 and MED10
Comparing MED50 and MED10, we examine if increasing the resolution beyond 50 km still provides an improvement. On average over the basin, the differences between MED50 and MED10 are not significant: the average differences of relative bias, RMSE, temporal correlation and q95 bias are less than 1 % (Tables 2, 3 and 4). However larger differences occur locally (Fig. 7a) . The added value of the high resolution is localized in coastal regions and regions of intense winds submitted to the influence of a mountainous orography, where the representation of the wind speed variability over the whole spectrum is significantly improved. In those areas, the channeling influence of the topography (Pyrenees, Massif Central, Alps, Corsica, Sardinia, Greek mountains, Aegean islands, Cretan Arc) is strong. Increasing the model resolution beyond 50 km enables us to better take into account this mountainous orography (Fig. 3) and its effects. This is the case for the Gulf of Lions shelf (the mean bias decreases by 14 % at SHELF, Fig. 5b ), at the eastern exit of the Strait of Bonifacio (5 % at BONIF), in the North Aegean Sea (6 % at AEGEE) and southeast of Crete (11 % at LEV). In those regions, the 95 bias is reduced by 10 % to 15 % compared to MED50 (Figs. 5b and 7d ). Taking this complex orography better into account also enables us to improve the representation of wind speed spatial variability (Fig. 4) , in particular east of the Bonifacio strait (TYR) or south of the Cretan arc (KRIT). Increasing the resolution is the choice of RCM configuration that has the strongest effect on the spatial correlation of average and intense winds (Table 5) : the differences between MED10 and MED50 are significantly larger than the differences between MED50 and the other simulations, in particular south of Crete (+0.29 for the average and +0.14 for q95). Comparing simulations obtained with a RCM at 20 km and 7 km resolution, Lebeaupin Brossier et al. (2011) also concluded that increasing the spatial resolution had a negligible effect on a basin average, but similarly observed very local effects like the improvement of the Mistral representation in the Gulf of Lions.
In the regions of weaker wind and away from the coast, high resolution slightly increases the mean and q95 biases ( Fig. 7a and d ). This is due to the fact that the contrast between the regions of strong and weak winds is better represented in MED10 (Fig. 4) : strong winds in the coastal areas are stronger in MED10 than in MED50 and weak winds in Nat. Hazards Earth Syst. Sci., 11, 1983 Sci., 11, -2001 Sci., 11, , 2011 www.nat-hazards-earth-syst-sci.net/11/1983/2011/ the open sea are weaker. This is particularly the case south of Crete, where the spatial patterns of the wind field between the two regional maxima east and west of Crete are better represented in MED10.
Analysis of the RCM configuration impact using MED50 and its modified configurations
We now examine the impact of the choice of the RCM configuration on the representation of the spatial and temporal variability of the wind speed over the Mediterranean Sea. For this purpose we take MED50 as the control simulation with which we can compare every other simulation: between MED50 and the other simulations, we varied each time only one option of configuration.
Spectral nudging method: MED50/MED50SN
There is a very weak average reduction of wind speed underestimation in MED50SN. However, as seen in Sect. 3.2.1 the wind speed distribution is similarly represented in MED50 and MED50SN in average and locally (Tables 2, 3 and 4 and Figs. 5 and 7), as well as the spatial variability (Table 5 and Fig. 4 ). The spectral nudging main added value concerns the representation of the chronology at a daily scale: the correlation is increased respectively in the Western and Eastern basins by 0.01 and 0.04 and the RMSE by 1 % and 2 % (Tables 3 and 4 ). This improvement is due to the fact that the spectral nudging forces the model to follow the large scale of ERA-40. This large scale mainly drives the atmospheric chronology and the correlation between ERA-40 and QuikSCAT is good homogeneously over the basin (Table 2 and Fig. 6b ). In MED50 the correlation decreases more in the Eastern Basin (see Sect. 3.2.2) , where the spectral nudging effect is consequently more efficient ( Fig. 7b and c) : the correlation can be locally increased by more than 0.10 and the RMSE can be reduced by more than 7 %.
Surface boundary: MED50/MED50AO
The air-sea coupling does not have a significant impact on the representation of the daily wind speed evolution over the whole spectrum. The wind speed distribution and the temporal correlation are almost identical in MED50 and MED50AO in average and locally (Tables 2, 3 and 4 and Figs. 5 and 7), as well as the spatial variability (Table 5 and Fig. 4 ). This result is in agreement with the work of Artale et al. (2009) who showed that the small difference induced by the coupling concerned mainly the heat fluxes, and that the representation of wind was hardly influenced. This is due to the fact that the coupling between the oceanic and atmospheric model concerns the SST, whose main influence regards the latent heat flux. In the coupled version the atmospheric model is forced daily by the oceanic model SST, whereas the forced version uses ERA-40 monthly SST.
Domain size: MED50/WMED50
WMED50 domain was chosen as a test since it could, for example, be used by an ocean modeler interested in oceanic processes that occur in the Northwestern Basin (deep convection, cascading).
Here again reducing the domain size induces a small but not significant improvement of the wind speed underestimation correction homogeneously over the basin and over the whole spectrum (Table 3, Figs.5 and 7) . The bias reduction is locally more significant in strong winds areas, namely the Gulf of Lions shelf and the eastern exit of the Bonifacio Strait. The average bias is indeed reduced between MED50 and WMED50 by respectively 9 % and 8 % and the q95 bias by 5 % and 9 % for SHELF and BONIF (Fig. 5) . The influence of the domain size on wind speed spatial variability representation is not very homogeneous, though weak (Fig. 4 and Table 5 ). The influence of the size domain on the spatial variability representation is not very homogeneous, though weak. The local maximum of wind east of Corsica is better represented (the spatial correlation for the average wind over TYR box increases between MED50 and WMED50 by 0.12), while the spatial variability representation in the Sicily strait is hindered (the spatial correlation for the average wind decreases by 0.05 over SIC).
The main influence of the domain size concerns the wind chronology. The domain being smaller, the model is less free to develop its own circulation. The temporal correlation with the large scale forcing (ERA-40) and therefore with QuikSCAT is consequently larger (Tables 2, 3 and 4). For the same reasons as already explained above, the temporal correlation improvement is better in the eastern part of the domain, where it can reach 0.10 (Fig. 7b). 
Lateral boundary forcing: MED50/MED50Int
No significant difference is obtained between MED50 and MED50Int concerning the representation of the wind speed distribution over the whole spectrum, neither in average nor locally (Tables 2, 3 and 4, Figs. 5, 7a and d), and the representation of the average and intense wind events spatial variability (Fig. 4, Table 5 ). There is a weak improvement of the temporal correlation with QuikSCAT between MED50 and MED50Int (∼0.02 over the different basins, Tables 2, 3 and 4), associated with the similar correlation increase observed between ERA-Interim and ERA-40. This improvement is smaller than the improvement due to the spectral nudging, in particular in the Eastern Basin (∼4 % vs. ∼10 %, Fig. 7c ).
Conclusions
Wind dataset are used for various scientific purposes: atmospheric process study, operational forecast, hindcast and climate studies, forcing of ocean models, etc. Because of shortcomings due, among others, to their low spatial resolution, existing long term reanalysis (ERA-40, NCEP) can not be used directly for those purposes without a preliminary correcting treatment. For example, the underestimation of wind speed and air-sea fluxes is one of the major shortcomings of those reanalysis (Ruti et al., 2007) , preventing them from being used for ocean modelling purposes . Various methods have been developed in order to correct those defects. A simple method consists in applying the same multiplying factor to the whole wind spectrum (Pettenuzzo et al., 2010) , but it does not always correct enough the underestimation of intense winds, stronger than the average bias. Moreover, it does not enable us to deal consistently with the other atmospheric variables. RCMs are now used in order to perform dynamical downscaling of those low resolution reanalysis. Dynamical downscaling is very promising since, contrary to statistical downscaling, it enables us to produce fields where the shortcomings due to the low spatial resolution of the initial reanalysis are corrected and the daily chronology of the atmospheric events is preserved. It also provides forcing datasets where all the variables are consistent with each other and enables us to perform air-sea coupled downscaling. Our goal in this paper was to assess how the configuration of a RCM used to produce downscaled atmospheric fields can influence the representation of wind speed daily variability and of intense wind events over the sea.
Here we used the RCM ALADIN-Climate over the Mediterranean Sea to perform a dynamical downscaling of ERA-40. The atmospheric dynamics in this region is particularly influenced by the strong orography related to the presence of numerous mountains, valleys and islands. We examined the influence of the domain size, the spatial resolution, the use of interactive air-sea coupling and spectral nudging, and the large scale atmospheric forcing. For that we performed a group of 7 numerical simulations over the Mediterranean Sea, changing one parameter at a time.
To assess the quality of the representation of daily wind speed variability in each simulation, results were compared with QuikSCAT sea wind satellite observations. We studied the period common to ERA-40 and QuikSCAT, 2000-2001. Comparing QuikSCAT data over different periods and with in-situ hourly buoy data, we showed that the wind speed daily time series obtained thanks to QuikSCAT dataset over 2000-2001 can be legitimately used as a reference for our purposes. One should, however, keep in mind that QuikSCAT slightly overestimates strong daily winds, the underestimation by ALADIN-Climate may therefore be slightly weaker than assessed here for strong winds.
Performing a dynamical downscaling of ERA-40 (∼125 km resolution) with ALADIN-Climate at 50 km resolution enabled us to reduce significantly the underestimation of daily wind speed over the whole wind spectrum, in average and locally, in agreement with previous works Artale et al., 2009) . It also enabled us to improve the representation of wind speed spatial variability. Those improvements are mainly related to the increase of the spatial resolution, which enabled us to represent more realistically the complex orography that strongly influences the atmospheric circulation over the Mediterranean region. On the other hand, the realism of the chronology of the downscaled wind fields is worse than for ERA-40. The temporal correlation with the observations decreases all the more that one goes further to the east, i.e. further from the main entrance of the atmospheric flow, where it can loose up to 20 % compared to ERA-40. The correlation however remains ∼0.7, the downscaled dataset reproduces therefore satisfactorily the real chronology.
For average winds, the improvement of ERA-Interim wind speed compared to ERA-40 is similar, as the improvement obtained for the ALADIN-Climate 50 km downscaled wind speed field. There are several advantages in using the downscaled field. First, the period covered by ERA-Interim is twice shorter than the one covered by ERA-40, which can even be extended until today using ECMWF analysis (see for example Herrmann et al., 2010) . The availability of such long hindcasts is of interest when studying events that occurred before 1989 or the long-term variability of the atmospheric and oceanic circulation over the Mediterranean. Second, the spatial and temporal variability of strong winds is better reproduced in MED50. The quality of the representation of the wind speed variability, both spatial and temporal, is important when forcing oceanic simulation, since strong atmospheric events play an important role in oceanic circulation (deep convection, cascading, upwelling ...). Third, the downscaling method used here enabled us to take into account and study air-sea interactions when using the coupled atmosphere-ocean configuration.
Differences associated with the choice of the RCM configuration are globally one order of magnitude smaller than the initial difference induced by the downscaling. The use of spectral nudging has the strongest influence: by forcing the large scale of the RCM to follow the driving dataset, it improves the representation of the daily wind speed atmospheric chronology without hindering the ability of the RCM to reduce the wind underestimation occurring in the driving dataset. The use of a smaller domain has an effect of the same order of magnitude: the correction of the underestimation of the wind speed is slightly improved (∼2 % in average) and the realism of the chronology (temporal correlation and RMSE) are improved by up to 10 %. Increasing the spatial resolution up to 10 km improves the wind spatial variability representation, in particular over coastal areas where the influence of orography is strong. As a result, the bias can be very locally reduced by up to 15 % over the whole spectrum. Statistically, interactive air-sea coupling does not have a significant impact on the representation of daily wind spatial and temporal variability. However, the coupling may influence more significantly the hourly evolution of particularly intense events, and the influence of the time frequency of the coupling should also be investigated in this framework.
Nat. Hazards Earth Syst. Sci., 11, 1983 Sci., 11, -2001 Sci., 11, , 2011 www.nat-hazards-earth-syst-sci.net/11/1983/2011/ Moreover, the coupled RCM should theoretically be better than the forced RCM since the air-sea interactions are more realistically taken into account. However, some efforts are still necessary in order to improve the representation of wind events in the ALADIN-Climate RCM: improvement of the parameterization of wind gusts, of the physics of the atmospheric boundary layer (turbulence), increase of the number of vertical levels. Finally using another large scale forcing field (ERA-Interim) where the bias is weaker than in ERA-40 and the temporal correlation is better only improves the temporal correlation by the same order as the initial difference of the correlation between both forcing fields. Our results therefore show the relevance of dynamical downscaling to obtain consistent long-term datasets of daily wind over the sea. Moreover, the choice of the optimal configuration of the RCM used to perform this dynamical downscaling is dependent on the scientific objectives. Study of the whole basin or focus on much smaller and/or coastal regions would involve different choices of domain and resolution. Real case study for which a good chronology is important would require spectral nudging, contrary to process study where the goal is to leave the model completely free to develop its own physics. Climate studies for which the influence of a changing SST can become important would require using air-sea coupling. The conclusions obtained might of course be model-dependent, but we honestly trust that the major findings will be helpful for the rest of the community whatever RCM is used.
Finally, additional studies are now necessary to evaluate the quality of the downscaled data set on smaller time scales. For example, how do the choices of configuration examined here, in particular the air-sea coupling, influence the representation of the diurnal and hourly wind variability? At very small temporal (∼1 h) and spatialscales (<10 km), it would also be necessary to investigate the impact of the use of a non-hydrostatic version of the RCM.
